Fracture mapping has been used in the understanding of injury patterns in different bones. To our knowledge, there are no applications of this technique using three-dimensional (3D) morphologic fracture characteristics. Previously, scapula fractures were mapped by transferring information from 3D computed tomography to a two-dimensional (2D) template. Cole et al. determined that 3D Computerized Tomography (CT) scans were more reliable compared to plain radiographs in terms of scapular angulation, translation, and glenopolar angle measurements. Thus, we hypothesized that if there is a difference between fracture lines drawn in 3D and in 2D, then the 3D mapping would yield more accurate fracture patterns. We completed a retrospective, comparative study (evidence level III) utilizing CT imaging from a single center scapular registry. We studied ten patients with scapula fractures in whom bilateral CT scans were obtained. Fractures were mapped both two and three-dimensionally, and we measured deviations between the fracture lines that were drawn with each approach. The measured deviations ranged from 10.4 mm to 28.0 mm when comparing 2D versus 3D techniques, with the mean deviation being 4.0 mm and 10.4 mm, respectively. Half of the 2D renderings possessed hidden fracture lines that were later revealed on 3D imaging. Three-dimensional renderings were more accurate when compared to 2D fracture mapping methods. This more accurate technique will allow for better understanding of 3D morphology and provide a basis for future fracture mapping in any bone. Accurate mapping is important because surgical approach, reduction, fixation, and implant design and selection are based on fracture patterns. ß
Understanding bony fracture patterns is of great importance in determining optimal treatment strategies. Historically, multiple classifications [1] [2] [3] [4] [5] have been used to assess both intra and extra-articular variants of scapula fractures. In 1984, Hardegger et al. 4 established a classification system for scapular fractures. Six years later, Ada and Miller expanded upon their work by utilizing a cohort of 113 patients. 6 Both studies developed classification systems derived from plain X-ray imaging, and focused on extra-articular variants. Likewise, both groups of authors suggested that the use of computed tomography (CT) scans could further assess the extent of injury.
In 1995, Ideberg et al. classified 338 scapula fractures, devoting particular consideration to the intra-articular variants. 7 Once again, these findings were based on plain X-ray data. The following year, the Orthopaedic Trauma Association (OTA) developed a classification scheme employing alpha-numeric labels. 5 The revision of this scheme in 2007 included new coding for the scapula, the purpose of which was to eliminate the differences in classification codes between the OTA and the Arbeitsgemeinschaft f€ ur Osteosynthesefragen (AO) systems. 8 More recent revisions of the AO-OTA sought to address the need for a clinically relevant classification system through a series of publications. [9] [10] [11] The first iteration used X-ray and 3D CT to evaluate glenoid fossa fractures, and demonstrated that this new system was sufficiently reliable and accurate; however, only experienced shoulder surgeons performed evaluations. 9 Next, it was determined that X-rays were substandard in terms of providing complete information regarding the fracture and that CT scans were a necessity to fully appreciate both extra and intra-articular scapula fractures. 10 Although this series did address limitations previously highlighted, it was concluded that further studies and outcome evaluations where needed to fully understand fractures of the scapula.
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The approach and reduction and fixation technique for the surgical treatment of scapular fractures are largely dependent upon an accurate understanding of the fracture pattern, including exit locations and displacement of fragments. The existence of multiple classifications, the lack of consensus regarding them, [4] [5] [6] 8 and the accuracy with which fractures are assessed, can be problematic. Moreover, current literature reveals a paucity of accordance pertaining to surgical indications, particularly the extra-articular variant. 4, 6, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] CT technology, including three-dimensional (3D) reconstruction, has allowed for superior visualization of fracture patterns and an opportunity to better describe scapular injuries. With this in mind, Armitage et al. utilized 3D CT images from a prospective scapular fracture database to map fracture lines of 90 fractured scapulae, and found that the extra-articular variant of scapular fractures display very common patterns, whereas the intra-articular fractures were more heterogenous. 2 Furthermore, the mapped patterns in this study did not reflect those found in existing classification schemes.
The work of Armitage et al. provided meaningful information but was based upon a simplified methodology that identified two-dimensional (2D) fracture lines and transposed them over a 3D CT templated scapula. This study was further limited by the fact that fracture mapping was accomplished by rendering nonreduced scapulae fractures onto non-fractured bone models.
Cole et al. evaluated measurement techniques for extra-articular scapular fractures on both X-rays and 3D CT images of 45 patients to determine potential differences. 21 They found that 3D CT is more reliable than plain X-rays and recommended a future role for any fracture deformity that warrants surgical considerations. Bartonicek et al. confirmed these results by determining that intraoperative findings corresponded with preoperative 3D CT reconstructions. 22 Further expanding on this notion, we aim to describe a methodology to graphically reconstruct the fractured scapula based upon the anatomy of the contralateral, uninjured shoulder. Secondarily, we intend to compare scapular fracture maps created utilizing the previously described 2D methodology 2 with those created with our newly developed 3D modeling method. A more accurate rendering of fracture patterns will provide for a better understanding of the 3D morphology of fractured scapulae and provide a template for future study in other bones. This information may also help to optimize surgical planning for approach, reduction, and fixation techniques, particularly when used in conjunction with a study by Burke et al. 3 that examined the optimal area for internal fixation of scapular fractures. Thus, we hypothesize that if there is a difference between fracture lines drawn in 3D and in 2D, then the3D mapping, particularly that which allows for an anatomical reduction of the fracture fragments, will manifest a more precise fracture map. To our knowledge, there are no current imaging databanks consisting of mapped fracture patterns using 3D architecture.
MATERIALS AND METHODS
Following appropriate Institutional Review Board approval, we completed a retrospective review utilizing CT imaging from a single center scapular registry established in 2002, which houses data from patients that sustained scapular fractures and were operatively managed by the senior author (blinded). Current literature regarding the indications for operative treatment of scapular neck and body fractures is not clear. The senior author has established and published indications based on previously published literature, as well as expert knowledge: Glenoid medialization >1.5 cm, angular deformity >25˚, and/or intra-articular glenoid step-off >/ ¼ 4 mm. 23, 24 To establish a proof of concept prior to phase II of this study, a desired cohort of 10 subjects was established with the following inclusion criteria: Patients having only unilateral extra-articular fracture patterns without involvement of the scapular processes (acromion and coracoid), and patients having bilateral CT data that was available from the routine course of care received for a scapula fracture as part of the patients' trauma diagnostic protocols. We defined adequate imaging as having a sufficient CT scan resolution to allow for accurate 3D modeling (generally established as 1-1.5 mm pixel spacing and 1-1.5 mm spacing between slices). In addition, 100% of the injured scapula were required to be within the data file as well as the uninjured, contralateral scapula having a complete dataset to allow for reconstructed imaging. Patients were excluded for bilateral injuries, bilateral imaging deemed inadequate based on the above definition, or insufficient CT data resolution including any motion artifacts which obscured anatomical details ( Fig. 1) .
To eliminate selection bias from the available study cohort, the first 10 patients meeting inclusion criteria for this study were selected in chronological order from the date of surgery beginning in 2002. CT scan data were acquired utilizing GE Helicals LightSpeed 16 scanner (GE Healthcare, Little Chalfont, UK) with either GE Standard or GE Detail convolution kernel.
Three-Dimensional Process
Stryker Orthopedics Modeling and Analytics (SOMA) is a system of proprietary 3D modeling software which utilizes a graphical algorithm, allowing for the mapping of arbitrary points on the surface of bones to a normalized threedimensional bone template, and vice-versa. SOMA has been developed in collaboration between the Clinic of Orthopaedics and Sports Orthopaedics of the Technical University Munich and Stryker Trauma GmbH (Sch€ onkirchen, Germany). SOMA contains a unique bone database created from CT scans and houses a large number of three-dimensional models of non-fractured scapulae, yet no fractured bone models have been banked or studied.
Each CT scan data file was anonymized and de-identified prior to segmentation by a single examiner using Mimics Medical 18.0 (Materialise, Leuven, Belgium). The overall threshold was set at 226 HU in all cases due to the thin osteology of the scapular fossae. The fractures were separated from surrounding structures and exported as stereolithographic files (.stl). The file representing the fractured scapula was then loaded into Geomagic Studio 2014 (3D Systems, Rock Hill) and the fracture parts were divided into separate objects using the "Crease Angle" selection tool. This resulted in an approximate determination of the different fracture parts, and also enabled us to create separate .stl masks for every major fracture fragment. The masks could be transferred back into Mimics Medical 18.0 and superimposed over the CT data, thus simplifying an accurate segmentation of the fragments. The fragments were then transferred back into Geomagic Studio 2014 and any negative space in the three-dimensional model was filled. The fragments were reduced using the contralateral side as a template based on previous studies that revealed symmetry in side to side comparisons (Fig. 2) . 25, 26 To reduce the fracture, points were marked along the fracture pattern, corresponding to the same points on the non-fractured scapula. Geomagic's best-fit algorithm was used to find the best overlapping position. The fracture lines were transposed on the three-dimensional model of the contralateral side with the help of the transparent mode (Fig. 3) .
Two-Dimensional Process
The two-dimensional approach previously described 2 was reproduced by a single examiner using the data from our cohort. Volume renderings were performed on the CT scan data utilizing Amira 5.5 (FEI Visualization Sciences Group, M erignac, France). Metal artifacts were reduced with a Gaussian filter, the view area was limited around the scapula, and the visible gray scale values were adjusted to achieve a clear image. The optimal posterior-anterior orientation was achieved, and a screenshot was taken (Fig. 4) . The examiner used GIMP 2.8 (Free Software Foundation, Boston) to manually draw the fracture lines onto the scapula.
Mapping of the Two-Dimensional Fracture Lines Onto the Three-Dimensional Model
Five points of alignment were selected on both the reduced, fractured scapulae, as well as the corresponding contralateral scapulae, to optimally align the superior and inferior glenoid tubercles, the inferior angle, the medial scapular spine, and the acromion. 2 The examiner superimposed twodimensional fracture patterns over corresponding threedimensional models and traced fracture lines onto the nonfractured side. In some instances, untenable results were (Table 1) , based solely on the shortest distance between fracture lines which were represented both in 2D and 3D approaches, at 5 mm increments along the fracture lines on the three-dimensional models in Geomagic Studio 2014 (3D Systems, Rock Hill). More complex fractures routinely necessitated an increased number of measurements per patient (Table 1) , when compared to simpler fracture lines. All measurements were done manually and were based on the visible difference between each method used to reconstruct the fracture lines. Since each case provided a clear difference between methods, each measurement is indicative of the difference in fracture line location and minimally affected by the manual measurement process (Figs. 5 and 6 ).
RESULTS
The final study cohort included five male and five female patients with a mean age of 58.1 years (range 24-76 years). Cohort selection was accomplished in chronological order for 131 patients that received surgical repair from July of 2002 to September of 2009. 121 patients were excluded for reasons previously mentioned, leaving 10 subjects that met inclusion criteria. DICOM data files for the cohort included scan resolutions with slice spacing of 1.25 mm, and pixel spacing between 0.656 mm to 0.977 mm. In 5 of the 10 included scans, small portions of the nonfractured contralateral side were missing from the DICOM data file, but were found to be acceptable for analysis.
We found that differences between the two fracture mapping methods resulted in contrasting fracture lines in all 10 subjects; the measurements are listed in Table 1 . The maximum deviation between the resulting lines from each method ranged from 10.4 mm and 28.0 mm. The mean deviation within each subject map ranged between 4.0 mm and 10.4 mm. The overall mean deviation for all 10 subjects was 5.7 mm. Female subjects had a mean deviation of 6.2 mm, whereas males had a mean deviation of 5.2 mm. The standard deviations of all 10 patients ranged from 2.6 mm to 7.5 mm. The median values of measured deviations for all 10 patients ranged from 2.7 mm to 9.0 mm. Lastly, the number of measurements per patient were obtained as previously described. This number ranged from 22 to 71.
Fifty percent of the cases displayed hidden fracture lines that were only visible on the 3D approach. In one subject, the 3D modeling method revealed an intraarticular glenoid fracture that was not visualized on the 2D mapping method (Figs. 7 and 8) .
Using the same fracture exit zone classification as Armitage et al., 2 our fracture maps revealed that of the 10 fractured scapula maps, three involved the scapular spine (type A), eight involved the superior medial angle (type B), two involved the inferior medial border (type C), no fractures in our study cohort involved the inferior lateral border (type D), seven involved the mid lateral border (type E), four cases involved the inferior glenoid neck (type F), one was intra-articular (type G), and two involved the spinoglenoid notch (type H).
DISCUSSION
Surgical cases often present a challenging clinical picture due to the involved anatomy, as well as the high energy injury mechanisms. These challenges are compounded by a lack of consensus regarding any current classification systems [4] [5] [6] 8 or surgical indications. 4, 6, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] For these reasons, surgical planning for approach, reduction, and internal fixation techniques can prove to be a daunting task.
Recently, Armitage et al. sought to expand the knowledge of fracture patterns through the superimposition of 2D fracture lines from 90 fractured scapulae onto single normalized scapula model. 2 Similar bone databases have been utilized for various applications, 27 ,28 but to our knowledge, none have described a 3D modeling and fracture reconstruction methodology in the scapula. The aim of this study was to expand upon prior 2D fracture mapping work by developing a 3D graphical fracture modeling and mapping process. In doing so, we attempted to lay groundwork for a statistically meaningful database of fractured scapulae to better delineate fracture architecture, location, and frequency. In this small cohort, we compared fracture maps created through 2D methods with those created utilizing 3D methods, and hypothesized that the 3D modeling would provide clinically important accuracy in the creation of a fracture map.
This study was limited by excluding non-operatively managed scapular fractures. Ideally, the study would include all fractured scapulae. However, minimally displaced fracture patterns are not surgically managed and do not usually warrant CT imaging. Furthermore, since scapula fractures are often sustained in polytrauma, a chest CT is typically included in the initial workup. Thus, there is a likely bias towards more severely injured patients in that the presence of bilateral CT scans were a primary inclusion criteria. Additionally, as this is a pilot study with a goal of 10 patients for phase I, we are underpowered to describe statistical significance at this time, but plan for a much larger cohort in phase II. Lastly, based on a previous study, 21 we now know that most accurate measurements for scapula displacement are performed with 3D CT scans, and therefore believe that accurate renderings of CT data would further enhance preoperative planning. It is true, however, that the data does not yet exist to prove this point.
After examining 10 sets of scapulae, we found that important differences existed between the 2D and 3D fracture mapping methods. Clinically, the surgical approach is largely dependent on the fracture pattern, inclusive of location and displacement. Knowledge of the extent, whether or not it is perceived to be intraarticular, and the vicinity of neighboring structures are considerations critical to planning care. Thus, the goal is to identify an approach that not only optimizes fracture site exposure, but also minimizes threat to key structures. In 2009, Wijdicks et al. expanded upon previous work 29 that detailed areas of risk or potential 
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injury to the vulnerable neurovasculature, by describing the location of "danger zones" that house these structures. 30 The range of deviations we measured often varied by an order of magnitude when compared to fracture lines created two-dimensionally. The clinical implications of these aberrations can be problematic as the potential to traverse these "danger zones" or impair local structures is increased with less accurate fracture mapping. This information, when used in conjunction with a study by Burke et al. 3 can optimize planning for the approach, reduction, and fixation of scapular fracture, as well as implant design and preclinical testing. 31 We found fracture patterns most frequently involved the base of the spine and lateral border inferior to the glenoid, and were least likely to involve the inferior lateral border, which coincided with the findings of Armitage et al. 2 The data also revealed distributions similar to their study 2 for fractures involving the scapular spine, glenoid fossa, and spinoglenoid notch. These findings are promising but a much larger cohort is needed to describe significance. In 50% of the cases, we found hidden fractures that were only visible on the three-dimensional analysis. One such case involved an intra-articular fracture that was not seen with two-dimensional mapping. This information is vital to the operative plan.
Albeit not a focus of this study, the opportunity our findings have generated to further assess previously described scapular fracture classifications could bring the orthopaedic community closer to consensus. 32 The architects of earlier systems 4, 6 based classification on radiographs and suggested that CT scans may allow for an improved determination of the extent of the injury. Later classifications 5, 8 were developed absent any clinically observed data, however, further revisions did make attempts to address these limitations. [9] [10] [11] Being that our fracture map was created with clinical data, as well as with the use of CT scans and three-dimensional imaging, the findings may result in a more relevant classification system.
The initial results from this pilot warrant further investigation. Now that we understand the superiority of 3D fracture models, the next phase of this study is to utilize a larger cohort to create a fracture map consisting solely of 3D renderings as a means of better characterization of fracture architecture, location, and frequency.
CONCLUSION
In closing, we describe a stepwise methodology for the 3D modeling reconstruction of a fractured scapula. Utilizing this method, our study found 3D fracture mapping to result in important differences that are more accurate than the previously described 2D fracture renderings. This work can be the basis for future development of a databank of fractured scapula models that could provide the foundation for a more accurate fracture mapping and classification system, and may help orthopaedic surgeons gain a better understanding of 3D morphology before embarking on the treatment of the fractured scapula. The benefits of this include an enhanced ability to plan surgical approaches, reduction, and fixation strategies. Additionally, 3D fracture mapping may aid in implant design and preclinical testing. 24 
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